Although SbSe2-based layered compounds have been predicted to be high-performance thermoelectric materials and topological materials, most of these compounds obtained experimentally have been insulators so far. Here, we present the effect of Bi substitution on the thermoelectric properties of SbSe2-based layered compounds NdO0.8F0.2Sb1xBixSe2 (x  0.4). The room temperature electrical resistivity is decreased to 8.0  10 5 m for x = 0.4. The electrical power factor is calculated to be 1.4  10 4 Wm 1 K 2 at 660 K, which is in reasonable agreement with combined Jonker and Ioffe analysis. The room-temperature lattice thermal conductivity of less than 1 Wm 1 K 1 is almost independent of x, in contrast to the point-defect scattering model for conventional alloys. The present work provides an avenue for exploring SbSe2-based insulating and BiSe2-based conducting systems.
Introduction
The development of highly efficient thermoelectric materials that convert a temperature difference into electricity has been extensively studied for energy harvesting from waste heat. 15) In particular, recent advances in the first-principles approach have enabled reliable predictions of electronic structures and transport properties under some assumptions, such as a constant relaxation time. 612) Several candidate materials have been theoretically predicted to be efficient thermoelectric materials from a vast number of materials (known and hypothetical), and the performances of some of these predicted compounds have been experimentally demonstrated so far.
Recently, Ochi et al. have presented strategies for improving the thermoelectric properties of layered pnictogen chalcogenides REOPnCh2 (RE = rare earth, Pn = pnictogen, Ch = chalcogen) using first-principles calculation. 13) The crystal structures of these compounds are characterized by alternate stacks of PnCh2 conducting layers and REO spacer layers, as schematically shown in Fig. 1 . This family of compounds has been mainly studied as a superconductor when Pn = Bi. 1416) , and recently as a topological material, 17) a water-splitting photocatalyst, 18) and a thermoelectric material. 1923) As an example, a thermoelectric dimensionless figure of merit (ZT) of 0.36 at 650 K was obtained for LaOBiSSe. 19) Although
ZT for this family of compounds is still moderate, their intrinsically low lattice thermal conductivity, 12 Wm 1 K 1 at 300 K 1923) , is attractive for efficient thermoelectric conversion.
In particular, a decrease in lattice thermal conductivity due to the rattling motion of Bi has recently been reported, even though these compounds have no oversized cage. 24) Ochi et al.
presented guiding principles for improving the power factor of REOPnCh2-type compounds:
(1) small spin-orbit coupling, (2) small PnPn and large PnCh hopping amplitude, and (3) small onsite energy difference between the Pnpxy and Chpxy orbitals. 13) Consequently, replacements of Bi and S ions with lighter Sb and heavier Se, respectively, should result in an increase in thermoelectric performance.
We have recently reported the synthesis and thermoelectric properties of layered antimony oxyselenides REOSbSe2 for RE = La and Ce. 25) The crystal structure belongs to the tetragonal P4/nmm space group, as for most REOBiCh2. However, carrier doping to decrease electrical resistivity was still difficult, 2628) in sharp contrast to BiCh2-based superconducting systems.
Here, we demonstrate the synthesis and thermoelectric properties of NdO0.8F0.2Sb1xBixSe2
(RE = Nd). We found that F-doped NdO0.8F0.2SbSe2 also crystallizes in the tetragonal P4/nmm space group at room temperature, whereas the F-free compound NdOSbSe2 was not obtained.
The electrical resistivity is decreased to 8.0  10 5 m at 300 K as a result of Bi substitution.
The room-temperature lattice thermal conductivity of less than 1 Wm 1 K 1 is almost independent of x, in contrast to the point-defect scattering model for conventional alloys. The phase purity and crystal structure of the samples were examined by synchrotron powder X-ray diffraction (SPXRD) performed at the BL02B2 beamline of SPring-8
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(proposal number 2018A0074). The diffraction data were collected using a high-resolution one-dimensional semiconductor detector (multiple MYTHEN system).
29)
The wavelength of the radiation beam was determined to be 0.495274(1) Å using a CeO2 standard. The crystal structure parameters were refined by the Rietveld method using RIETAN-FP software. 30) The crystal structure was visualized using VESTA software.
31)
The chemical compositions of the obtained samples were examined using a scanning electron microscope (SEM; Hitachi, TM3030) equipped with an energy dispersive X-ray spectrometer (EDX; Oxford, SwiftED3000). The electrical resistivity  and Seebeck coefficient S were simultaneously measured using the conventional four-probe geometry (Advance Riko, ZEM-3) in a He atmosphere. Typically, samples were 2 × 3 × 9 mm 3 in size and rectangular parallelepiped in shape. The thermal conductivity was calculated using  = DCpds, where D, Cp, and ds are the thermal diffusivity, specific heat, and sample density, respectively. The thermal diffusivity was measured by a laser flash method (Advance Riko, TC1200-RH). The samples used for the measurements were disks 10 mm in diameter and 2 mm in thickness. The specific heat was measured by a comparison method using differential scanning calorimetry (DSC; Advance Riko, DSC-R) under an Ar atmosphere. Figure 2 shows the SPXRD pattern and Rietveld fitting results for NdO0.8F0.2SbSe2 as a representative sample. Almost all the diffraction peaks can be assigned to those of the tetragonal P4/nmm space group, except for several tiny peaks attributable to NdOF (1.9 wt%) and Sb2Se3 (2.0 wt%). The lattice parameters are calculated to be a = 4.04769(1) Å and c = 14.08331(9) Å. These are distinctly smaller than those of REOSbSe2 for RE = La and Ce, 25) because of (1) Fig. 1(b) . In particular, the bond distance between Sb and Se is considered to be essential to determine the electrical transport properties because the conduction band is mainly composed of the hybridization between p orbitals of these ions. 13, 33) The Sb ions are in a square pyramidal edge-shared environment of four in-plane selenium ions (Se1) and one out-of-plane selenium ion (Se2 
Results and Discussion

Structural characterization
Thermoelectric properties
Figure 5(a) shows the temperature dependence of the electrical resistivity. For x = 0, the room-temperature electrical resistivity is 3.1  10 3 m, and it decreases with increasing temperature. This is distinctly lower than that of RE(O,F)SbSe2 for RE = La or Ce. For example, the room-temperature electrical resistivities are ~10 3 m for LaOSbSe2 and ~1
m for LaO0.9F0.1SbSe2. The decrease in resistivity is most likely due to (1) electron doping by F  substitution to the site of O 2 ions, and (2) increased overlapping between Sb p and Se p orbitals via the decreased lattice parameters and bond distance, as described above.
The electrical resistivity was decreased by Bi substitution, leading to 8.0  10 5 m for x = 0.4 at 300 K. Note that semiconducting behavior, namely, a negative temperature coefficient, was still observed for all the samples. At the same time, the Seebeck coefficient was also decreased, as shown in Fig. 5(b) , most likely due to an increase in carrier density by the Bi substitution. As depicted in Fig. 5(c) , the calculated electrical power factor (PF,  1 S 2 ) was found to be 1.4  10 4 Wm 1 K 2 at 660 K for x = 0.3.
Generally, thermoelectric carrier transport is discussed on the basis of the Hall carrier density as well as the electrical resistivity and Seebeck coefficient. However, it is difficult to measure the Hall coefficient of the present sample. The room-temperature Hall coefficient was estimated to be less than 1  10 8 m 3 C 1 . Here, we discuss the carrier transport using combined Jonker and Ioffe analysis. 4345) On the basis of a parabolic band model, the Seebeck coefficient of a nondegenerate n-type semiconductor is expressed as
where k is Boltzmann's constant, e is electronic charge,  is electrical conductivity, Nc is the conduction band density of states,  is carrier mobility, and A is the transport constant.
The maximum value of PF (PFmax) was evaluated to be Lorenz numbers (L) were calculated within a parabolic band approximation assuming electronic transport dominated by acoustic phonon scattering. 46, 47) The room-temperature lattice thermal conductivity was < 1 Wm 1 K 1 for the present samples, as shown in Fig.   6 (b). This low lattice thermal conductivity is comparable to those of related compounds, including SbSe2-based or BiCh2-based systems. 1925) Notably, the room-temperature lattice thermal conductivity is almost independent of the Bi content x. This is in contrast to the conventional point defect scattering model for alloys, such as Si1xGex, where phonon scattering is described using the mass and strain contrast of an alloy.
48)
The calculated figure of merit ZT is of around 0.06 at 660 K, as shown in Fig. 7 .
Although the lattice thermal conductivity of less than 1 Wm 1 K 1 for the present samples should be promising for their use as thermoelectric materials, ZT is very low because of their poor power factor. To compare the experimental results with theoretical ones, measurements of the Hall coefficient will be helpful. However, the Hall coefficients of the present samples are very low, as described above. High-magnetic-field instruments will be required to measure the Hall coefficient correctly.
Summary
We demonstrate the effect of Bi substitution on the crystal structure and thermoelectric properties of the layered antimony oxyselenide NdO0.8F0.2Sb1xBixSe2 (x  0.4).
Systematic changes in the lattice parameters determined using SPXRD and the chemical composition determined using EDX indicate that the Bi ions were incorporated in Wm 1 K 2 at 660 K, which is in reasonable agreement with PFmax evaluated using combined Jonker and Ioffe analysis. The room-temperature lattice thermal conductivity, < 1 Wm 1 K 1 , is almost independent of the Bi content. In this work, we provide an avenue for exploring SbSe2-based insulating and BiSe2-based conducting systems. 
